Abstract Potato cultivars have different strategies for dealing with phosphorus (P) deficiency in soil, and their response to P fertilization may vary because of differences in soil P availability. This study was performed to evaluate the effect of P fertilization rates (0, 125, 250, 500, and 1000 kg P 2 O 5 per hectare) on the P uptake, fertilizer P recovery, tuber yield, and applied P use efficiency of five potato cultivars (Agata, Asterix, Atlantic, Markies, and Mondial) grown in Oxisols with low, medium, and high P availability in southeastern Brazil. The tuber yield of all potato cultivars increased similarly with increase in P fertilizer application up to rates of 500, 250, and 125 kg P 2 O 5 per hectare in the soils with low, medium, and high P availability respectively. This increase was found despite the leaf P concentrations being lower than the deficiency limit of 2.5 g kg −1 only in the soil with low P availability in the absence of P fertilizer application. The application of phosphate fertilizer in the planting furrow resulted in a greater increase in the leaf P concentration, plant growth, P uptake, number of tubers per plant, tuber mean weight, tuber yield, and P removal of the potato crop grown in the soil with low P availability compared with soils with high P availability. In soil with high P availability, P application rates higher than 125 kg P 2 O 5 per hectare did not increase the number, size, and yield of tubers. The cultivar Mondial had the highest tuber yield, fertilizer P recovery, and applied P use efficiency, especially at the lower P application rates, but at a specific initial P availability, all cultivars responded to the same P application rate. The results indicate that phosphate fertilizer recommendations should be adjusted on the basis of soil P availability, and that it is not necessary to use different criteria to evaluate the P-nutritional status for individual potato cultivars.
Introduction
Phosphorus (P) deficiency is one of the most widespread nutrient constraints limiting the yield of crops in the tropics. This occurs because a large proportion of the P is bound to soil constituents, forming complexes that have limited bioavailability, thus making the P unavailable for plant uptake (Sánches and Salinas 1981; Valladares et al. 2003) .
Potato (Solanum tuberosum L.), a major global food crop, is increasingly grown in tropical and developing countries (FAOSTAT 2016) . Potato has a high nutrient demand (Fernandes et al. 2011b ) because of its short development cycle and high yield and has low P-uptake efficiency, especially when grown in soils deficient in P (Pursglove and Sanders 1981; Dechassa et al. 2003; Hopkins et al. 2014 ; Thornton et al. 2014 ). Pdeficient potato plants typically exhibit late maturity and reduced growth, yield, and quality of the tubers compared with plants adequately supplied with P (Fontes et al. 1997; Freeman et al. 1998; Alvarez-Sánchez et al. 1999; Rosen and Bierman 2008; Sandaña and Kalazich 2015; Soratto et al. 2015; Fernandes and Soratto 2016 ).
An adequate P supply for potato crops is fundamental for increasing the number of tubers per plant and the size of the tubers (Freeman et al. 1998; Rosen and Bierman 2008; Fernandes and Soratto 2016) , whereas P fertilization provides the highest yield response of potato crops on soils with low and medium levels of available P (Boock and Freire 1960; Freeman et al. 1998; Alvarez-Sánchez et al. 1999; Rosen and Bierman 2008; Rosen et al. 2014; Fernandes and Soratto 2016) . Consequently, high rates of P fertilizer application are used in the potato planting furrow to increase the P availability in the soil (Fontes et al. 1997; Rosen and Bierman 2008; Fernandes and Soratto 2012; Luz et al. 2013; Hopkins et al. 2014; Rosen et al. 2014 ).
In Brazil, some studies have suggested only a slight response of the potato crop to P fertilization rates greater than 320-400 kg P 2 O 5 per hectare in Oxisols with both low P availability (Boock and Freire 1960; Fontes et al. 1997; Fernandes and Soratto 2016) and high P availability (Boock and Freire 1960; Luz et al. 2013) . However, because potato is a high-value crop, it is common for farmers to use very high P rates (more than 600 kg P 2 O 5 per hectare), even in soils with high P availability (Sangoi and Kruse 1994; Fernandes et al. 2011b) , and this has become increasingly common in cultivated areas. Even under these conditions, the total P taken up by various potato cultivars remains between 15.2 and 18 kg ha ; these quantities represent less than 6.5 % of the P applied through fertilization (Yorinori 2003; Fernandes et al. 2011b ). These results indicate that it may be possible to apply P at lower rates in soils with high P availability without compromising tuber yield. Furthermore, the misconception of Bif some is good, more is better^can increase crop production costs and cause environmental problems (Barben et al. 2010; Luz et al. 2013; Ruark et al. 2014) , and the availability of sources of P fertilizers will likely become limited, at least in the long term (Hopkins et al. 2014 ; Thornton et al. 2014) .
The potato cultivars Agata, Asterix, Atlantic, Markies, and Mondial represent more than 80 % of all potatoes grown in Brazil (ABBA 2010) . Greenhouse studies with these cultivars revealed differences in their response to P with respect to tuber yield and strategies for coping with P deficiency in nutrient solutions (Fernandes et al. 2014) . The response of potato to P fertilizer may vary depending on the soil conditions and the cultivar, among other factors (Rosen et al. 2014; Sandaña and Kalazich 2015) , and according to Rosen et al. (2014) , optimization of P management for potato should be based on regional research results. However, there are no studies in southeastern Brazilian field production environments comparing the responses of these cultivars to P applied at different rates to soils with different P availabilities.
This study was undertaken to evaluate the effect of P fertilization rates on the P uptake, fertilizer P recovery (FPR), tuber yield, and applied P use efficiency (APUE) of five potato cultivars grown in tropical soils with low, medium, and high P availability.
Materials and Methods

Site Description
Field experiments were conducted in three potato production farms located in São Paulo State, southeastern Brazil. The experiments were located near Avaré (48°47' W, 23°02' S and 744 m above sea level), Itaí (49°01' W, 23°28' S and 649 above seal level), and Cerqueira César (49°12' W, 23°07' S and 737 above sea level), which had low, medium, and high P availability respectively . The soil in the three experimental areas was classified as a clayey Oxisol. The previous crops were grass pasture (Urochloa decumbens Stapf.) at Avaré, soybean [Glycine max (L.) Merr.] at Itaí, and rice (Oryza sativa L.) at Cerqueira César. Soil samples (0-to 20-cm depth) were collected from each area immediately before planting to determine the chemical characteristics according to van Raij et al. (2001) (Table 1) .
The region has a Cwa climate (tropical, with a dry winter and a hot, rainy summer), according to the Köppen classification system. Daily rainfall, irrigation, and temperatures were measured during the experimental period (Fig. 1) .
Experimental Design and Treatments
In all experiments, the experimental design was a randomized complete block with a 5 × 5 factorial scheme and four replications. The treatments consisted of five potato cultivars (Agata, Asterix, Atlantic, Markies, and Mondial) and five P fertilization rates (0, 125, 250, 500, and 1000 kg P 2 O 5 per hectare, equivalent to 0, 55.5, 111, 222, and 444 kg P per hectare respectively) applied in the planting furrow as triple superphosphate (45 % P 2 O 5 ). The plots (4 m × 5 m) comprised five 5-m-long rows with a 0.80-m row spacing. Only the three central rows were used for the experimental measurements; the 0.5 m at the end of each row and the two outer rows of each plot were disregarded.
Crop Management
Each farmer followed his own management plan for the potato crop cycle and was responsible for all activities associated with soil tillage, furrow treatment, irrigation, hilling, haulm killing, and the management of pests, weeds, and diseases.
Soil tillage consisted of two heavy disk harrowing operations, chiseling, and light harrowing, which occurred on the day before planting. The potatoes were planted on 20 April 2011 , 28 April 2011 , and 20 May 2011 in the experiments with medium, low, and high soil P availability respectively. The furrows were mechanically opened with a furrower-planter, with 0.80-m spacing between the furrows. Fertilizer was manually applied to the furrows. In the three experiments, the fertilization consisted of 62 kg N (ammonium sulfate, 20 % N and 22 % S) per hectare and 124 kg K 2 O (potassium chloride, 60 % K 2 O) per hectare, applied to all plots. P fertilizer was also applied in the furrows according to the treatments. The fertilizers were manually incorporated into the soil with use of a hoe, and uncut seed tubers (35-g seed tubers with a diameter between 30 and 40 mm) were spaced 0.30 m apart in the furrows. The pesticides thiamethoxam (155 g active ingredient per hectare), chlorpyrifos (557 g active ingredient per hectare), pencycuron (280 g active ingredient per hectare), metiram (77 g active ingredient per hectare), fluazinam (1.155 g active ingredient per hectare), and streptomycin (17 g active ingredient per hectare) were subsequently applied. Finally, the furrows were covered manually.
The plants emerged on 5 May 2011 (15 days after planting, DAP), 14 May 2011 (16 DAP), and 5 June 2011 (16 DAP) in the soil with medium, low, and high P availability respectively. Sidedressing fertilization was applied at 22 DAP in the experiment with low soil P availability, with use of 43 kg N (urea) per hectare , at 24 DAP in the experiment with medium soil P availability, with use of 64 kg N (urea) per hectare, and at 28 DAP in the experiment with high soil P availability, with use of 41 kg N (nitromag) per hectare. In all Crop management was conducted in accordance with the regional cultural practices for potato crops, including sprinkler irrigation across all sites. The control of pests and diseases was accomplished with insecticides and fungicides recommended for potato crops.
Potato haulm killing was performed with the herbicide diquat (331 g active ingredient per hectare) on 23 July 2011 (94 DAP), 18 August 2011 (112 DAP), and 25 August 2011 (97 DAP) in the experiments with medium, low and high soil P availability respectively.
Plant Assessment and Sampling
The third-expanded leaf from the apex was collected from 15 randomly selected plants per plot at 29 days after emergence (45 DAP) in the experiments with low and high P availability, whereas in the experiment with medium P availability, the leaf sampling was conducted at 32 days after emergence (47 DAP). The leaves were washed with deionized water and dried in an oven with forced-air circulation at 65°C.
In all experiments, four plants at the tuber maturation stage were collected from the analysis area of each plot 1 day before haulm killing. These plants were divided into tubers, roots, and shoots (leaves, stems, and stolons). All plant parts were washed with deionized water. Each fresh tuber sample was weighed, and a subsample was collected, which was weighed (fresh weight), sliced, and dried in an oven with forced-air circulation at 65°C for 96 h, separate from the other plant parts. The plant shoots of each sample were divided into three or four subsamples, placed separately into paper bags with 15-kg capacity, and dried in an oven with forced-air circulation at 65°C for 96 h. The root samples were dried in the same way as the plant shoots but were not divided into subsamples. The dry plant parts were weighed, and the dry matter (DM) accumulation in the tubers and the rest of the plant (shoots and roots) was calculated.
The potatoes were harvested on 12 August 2011 (114 DAP), 4 September 2011 (129 DAP), and 15 September 2011 (118 DAP) in the experiments with medium, low, and high soil P availability respectively. Tubers from two 1.5-m-long rows (ten plants) in the useful area of each plot were excavated with a spade and collected manually. The tubers were graded to determine the total yield and the yield of tubers with a transverse diameter larger than 45 mm. After they had been sorted, the tubers were counted and weighed to determine the number of tubers per plant, tuber mean weight, and total tuber yield and yield of tubers with a diameter larger than 45 mm. The tuber samples were sliced and dried in an oven with forced-air circulation at 65°C for 96 h.
All dry plant tissues were separately ground to pass through a 40-mesh stainless steel sieve for subsequent chemical analysis.
Phosphorus Determinations in Plant Tissues
All of the dry plant tissues (third expanded leaves, tubers, and the rest of the plants collected before shoot desiccation, and tubers at harvest) were chemically analysed to determine the P concentrations. The P concentrations were determined by atomic absorption spectrophotometry after HNO 3 (nitric acid) and HClO 4 (perchloric acid) digestion (Malavolta et al. 1997) . P uptake by whole plants was calculated as the sum of the amounts of P that accumulated in the tubers and the rest of the plant before haulm killing. The amount of P that accumulated in the tubers and the rest of the plant was calculated by multiplication of the P concentration of each plant organ (tubers, shoots, and roots) by the amount of accumulated DM. P removal by tubers at harvest was calculated by multiplication of the P concentration and the DM of the tubers at harvest.
Fertilizer Phosphorus Recovery, Relative Tuber Yield, and Applied Phosphorus Use Efficiency
The percent FPR was calculated by the traditional method, with the following equation presented by Chien et al. (2012) : FPR (%) = [(P uptake from soil treated with P fertilizer -P uptake from the control)/amount of P fertilizer applied] × 100.
Relative tuber yield was calculated for each P fertilization rate as the ratio between the tuber yield for each P fertilization rate and the maximum tuber yield measured in the experiment. The APUE for tuber yield in a treatment was determined by division of the difference between the tuber yield of the respective P fertilization rate and the tuber yield without P application (control) by the P 2 O 5 fertilization rate.
Statistical Analysis
The data were analysed with the SISVAR statistical software package (Ferreira 2011) . The blocks and all of the block interactions were considered as random effects. The soil P availability (experiment), cultivar, and P fertilization rate were considered as fixed effects. For soil P availability and cultivar, the means were compared by Tukey's test at the 0.05 probability level. Regression analysis was performed to determine the P fertilization rate response curves for several measured potato traits (dependent variables), for which significant regression equations with the highest coefficients of determination and those that best explained the relationship between the P fertilization rates and dependent variables were selected and plotted with SigmaPlot 10.0 (Systat Software, San Jose, CA, USA). In addition to the soil P availability, the experiments also differed with respect to the date of planting and the climate conditions ( Fig. 1) , which may have influenced the performance of each cultivar even more than the soil P availability. However, the primary objective was to study the response of the potato cultivars to the rates of P applied to soil with different levels of P availability, and we did not consider significant soil P availability (experiment) × cultivar interactions. To analyse the other significant interactions, the soil P availability and cultivar means were separated by Tukey's test at the 0.05 probability level, and the regression equations were adjusted to the values of each soil P availability and cultivar separately. The P 2 O 5 fertilization rates that resulted in the maximum values of each variable were obtained from the inflection or stabilization point of the plotted curves for each condition of P availability in the soil (experiment) and/or cultivar.
Results
The leaf P concentrations were affected by the soil P availability, cultivar, P fertilization rate, and soil P availability × P fertilization rate interaction ( Table 2 ). The highest leaf P concentration was measured in the cultivar Agata, and the lowest concentrations were measured in the cultivars Asterix and Atlantic. In the absence of phosphate fertilizer applied in the planting furrow, the potato plants grown in soil with low P availability had leaf P concentrations lower than those grown in the other soils, but with increasing P fertilization rates, the leaf P concentrations were similar for all soils (Fig. 2a) . In the soil with low P availability, the leaf P concentrations increased up to the highest rate of P applied, but in soils with medium and high P availability, an increase in leaf P concentration occurred until approximately 850 kg P 2 O 5 per hectare.
The DM accumulation in the tubers, the rest of the plant, and the whole plant was affected by the soil P availability, cultivar, P application rate, and soil P availability × P application rate interaction ( Table 2 ). The highest DM accumulation in the tubers and Table 2 Leaf P concentration, dry matter accumulation, P concentration in different plant parts, total P uptake, and fertilizer P recovery (FPR) of the potato crop as affected by soil P availability, cultivar, and P application rate. The ANOVA significance levels are presented
) Dry matter accumulation (kg ha
) Total P uptake (kg ha Values within a column for a particular factor (soil P availability or cultivar) followed by the same letter are not significantly different at P ≤ 0.05 according to Tukey's test C cultivar, NS not significant at P ≤ 0.05, PR P application rate, SP soil P availability the whole plant was observed in the cultivar Mondial, and the lowest was observed in the cultivars Agata and Atlantic. The cultivar Mondial had the highest DM accumulation in the rest of the plant compared with the other cultivars. The application of phosphate fertilizer increased the DM accumulation in the tubers, the rest of the plant and the whole plant up to 500 kg P 2 O 5 per hectare in the soil with low P availability, , DM accumulation in the whole plant (d), P concentration in the tubers (e), P concentration in the rest of the plant (f), total P uptake (g), and fertilizer P recovery (h) of the potato crop as affected by soil P availability and P application rate. The data presented are the average values of the five cultivars. Vertical bars represent the least significant difference at P ≤ 0.05 according to Tukey's test for the soil P availabilities at the same P application rate. One asterisk P < 0.05, two asterisks P < 0.01 and up to 250 kg P 2 O 5 per hectare in the soils with medium and high initial P availability ( Fig. 2b-d ). In the soil with low P availability, less DM accumulated, regardless of the P application rate, but the response to phosphate fertilization was, on average, between 1.8-and 2.6-fold higher than in the other soils/experiments. There were soil P availability, cultivar, P application rate, and soil P availability × P application rate interaction effects on the total P uptake and the P concentrations in the tubers and the rest of the plant (Table 2 ). In the tubers, the lowest P concentrations were measured in the cultivars Mondial, Asterix, and Atlantic, whereas the cultivar Mondial had the lowest P concentration in the rest of the plant. The cultivar Mondial took up the highest amounts of P, whereas the cultivars Agata and Atlantic accumulated the lowest amounts. The P concentrations in the tubers increased up to estimated fertilization rates of between 830 and 875 kg P 2 O 5 per hectare, regardless of the initial soil P availability (Fig. 2e) . In the soil with high P availability, application of phosphate fertilizer resulted in only a slight increase in the P concentration in the rest of the plant, but in the soils with lower P availability, the P concentrations increased up to the highest rate of P application studied (Fig. 2f) . In the soil with low available P, the P concentration in the rest of the plant was lower than that in the soil with the high available P, but only at fertilizer application rates below 250 kg P 2 O 5 per hectare. On the other hand, at the highest rates of P applied , the highest concentrations of P in the tubers were observed for the soil with th low initial P availability (Fig. 2e) . Under all three conditions of soil P availability, P uptake increased up to an application rate of 500 kg P 2 O 5 per hectare, but in the soil with low P availability, the increase in P uptake was approximately twice that measured in the soils that were the most fertile with respect to P (Fig. 2g) . At all application rates of P studied, the amounts of P taken up by the potato plants were lower in the soil with low P availability than in the other two soils.
The FPR was affected by the soil P availability, cultivar, P application rate, and soil P availability × P application rate and cultivar × P application rate interactions ( Table 2 ). The FPR decreased with increasing rates of P fertilizer application, regardless of the cultivar and initial P availability of the soil (Fig. 2h, Table 3 ). However, in the soil with low P availability, the FPR was higher than in the others soils, especially at low P application rates (Fig. 2h) . At low P application rates (125, 250, and 500 kg P 2 O 5 per hectare), the cultivar Mondial had the highest FPR; at higher P application rates, however, there were no differences among the cultivars (Table 3) .
The number of tubers (total and number with a diameter larger than 45 mm) per plant, the mean weight per tuber, and the tuber yield (total and yield of tubers with a diameter larger than 45 mm) of the potato crop were affected by the soil P availability, cultivar, P application rate, and soil P availability × P application rate interaction (Table 4) . The cultivars Agata, Asterix, and Mondial produced high total numbers of tubers per plant, but only the cultivars Agata and Mondial produced a large number of tubers with a diameter larger than 45 mm. The cultivar Mondial also produced tubers with a higher mean weight and yield (total and yield of tubers with a diameter larger than 45 mm) compared with the other cultivars. Regardless of the initial P availability in the soil, the total number of tubers per plant increased significantly up to a rate of 125 kg P 2 O 5 per hectare, whereas the number of tubers larger than 45 mm increased up to a rate of 250 kg P 2 O 5 per hectare in the soils with low and medium P availability, and only up to 125 kg P 2 O 5 per hectare in the soil with high availability of this nutrient (Fig. 3a, b) . In the absence of phosphate fertilization, the number of tubers per plant was higher in the soils with greater P availability, but at a rate from 250 kg P 2 O 5 per hectare upwards, the total number of tubers per plant was similar in all soils, whereas the number of tubers with a diameter larger than 45 mm was higher in the soils with medium and high initial P availability. The phosphate fertilization increased the mean weight per tuber in all soils up to a rate of 500 kg P 2 O 5 per hectare, but in the soil with low P availability, the relative increase in the size of the tubers was 6.5-fold higher (Fig. 3c ). At all P application rates, the tuber mean weight was lower in the soil with a low concentration of available P.
Application of phosphate fertilizer increased the total tuber yield, relative tuber yield, and yield of tubers with a diameter larger than 45 mm up to application rates of 500, 250, and 125 kg P 2 O 5 per hectare in the soils with low, medium, and high P availability respectively (Fig. 4a-c) . In the soils with medium and high P availability, the tuber yield did not differ and was higher than in the soil with low P availability. In comparison with the maximum total yields reached, the absence of P application reduced the tuber yield of the potato crop by 76 %, 30 %, and 18 % respectively in the soils with low, medium, and high P availability (Fig. 4b ).
There were soil P availability, cultivar, P application rate, and soil P availability × P application rate and cultivar × P application rate interaction effects on the APUE (Table 4) . Regardless of the cultivar and soil P availability, the APUE decreased in response to increasing rates of P application, up to essentially the same rates of P 2 O 5 applied, i.e. the highest rate (Fig. 4d, Table 3 ). At lower P application rates, higher APUEs were observed in the soil with low initial P availability compared with the other soils, and the cultivar Mondial had a 36 % higher APUE compared with the average Values within a column followed by the same letter are not significantly different at P ≤ 0.05 according to Tukey's test for the cultivars at the same P application rate. Two asterisks: P < 0.01 a Kilograms of tubers per kilogram of P 2 O 5 Table 4 Number of tubers (total and number with a diameter larger than 45 mm) per plant, tuber mean weight, tuber yield (total yield, relative yield, and yield of tubers with a diameter larger than 45 mm), applied P use efficiency (APUE), tuber P concentration at harvest, and P removal by tubers of the potato crop as affected by soil P availability, cultivar, and P application rate. The ANOVA significance levels are presented No. of tubers per plant Tuber mean weight (g) Tuber yield APUE (kg kg value of the other cultivars. However, all cultivars had the same APUE at 1000 kg P 2 O 5 per hectare (Table 3) . The P concentration and P removal by the tubers at harvest were affected by the soil P availability, cultivar, P application rate, and soil P availability × P application rate interaction (Table 4 ). The cultivars Agata and Markies had the highest P concentrations in the tubers, but greater P removal was observed in the cultivar Mondial, due to higher tuber yield. In the soil with medium P availability, the increase in the rate of phosphate fertilizer application linearly increased the P concentration in the tubers, but in the soils with low and high P availability, increases in P concentration occurred up to estimated application rates of 875 and 820 kg P 2 O 5 per hectare respectively (Fig. 4e) . At lower P application rates, the P concentrations in the tubers did not differ between the soils/ experiments, but at rates from 250 kg P 2 O 5 per hectare, the P concentrations in the tubers were higher in the soil with low P availability and were at intermediate levels in and mean weight per tuber (c) of the potato crop as affected by soil P availability and P application rate. The data presented are the average values of the five cultivars. Vertical bars represent the least significant difference at P ≤ 0.05 according to Tukey's test for the soil P availabilities at the same P application rate. One asterisk P < 0.05, two asterisks P < 0.01 the soil with medium nutrient availability. The removal of P increased up to the highest rate of P application studied in the soils with low and medium P availability, but only up to a rate of 500 kg P 2 O 5 per hectare in the soil with high P availability (Fig. 4f ). At lower P application rates, the removal of this nutrient by the tubers was similar in the soils with medium and high P availability, and higher than in the soil with low P availability. At the highest P application rate, the greatest removal of P was observed in the soil with medium P availability.
Discussion
The cultivar Agata had the highest leaf P concentrations and the cultivars Asterix and Atlantic had the lowest, but because the cultivar × P application rate interaction was not significant (Table 2) , there was no reason to evaluate the P-nutritional status separately , yield of tubers with a diameter larger than 45 mm (c), applied P use efficiency (d), tuber P concentration at harvest (e), and P removal by tubers (f) for the potato crop affected by soil P availability and P application rate. The data presented are the average values of the five cultivars. Vertical bars represent the least significant difference at P ≤ 0.05 according to Tukey's test for the soil P availabilities at the same P application rate. One asterisk P < 0.05, two asterisks P < 0.01 by cultivar, even though small differences occurred between the leaf P concentrations of some cultivars, as was also observed by Fernandes et al. (2011b) . The P concentrations in the leaves increased with phosphate fertilization under all conditions of initial soil P availability; only in the soil with low P availability were the leaf P concentrations in the control treatment lower than the deficiency limit of 2.5 g kg −1 proposed by Lorenzi et al. (1997) (Fig. 2a) .
The cultivar Mondial accumulated more DM in all plant parts compared with the other cultivars, and the cultivars Agata and Atlantic accumulated the lowest amounts of DM in the tubers and the whole plant (Table 2 ). According to Fernandes et al. (2010) , the cultivars Agata and Atlantic had lower DM production because of their lower DM accumulation rates in the whole plant, which were 25-32 % lower than the rate measured for the cultivar Mondial. The absence of a significant cultivar × P application rate interaction shows that, despite the differences in the growth (Table 2) , the DM accumulation of these cultivars in response to P supply was similar (Fig. 2) . The increase in the DM production in response to phosphate fertilization was greater and occurred until higher P application rates in the soil with low P availability compared with the other soils ( Fig. 2b-d) . This is consistent with the finding that in soils with higher P availability, the application of phosphate fertilizer at high rates does not increase the DM of plants because the residual concentration of soil available P is sufficient to generate satisfactory DM yields . Also, Liu et al. (2015) found that under the condition of higher P availability in the soil, the application of phosphate fertilizer increased potato growth to a smaller extent than in soil with lower P availability.
Our results showed that the differences among cultivars with respect to the P concentrations in the plant were clearly related to their DM production ( Table 2 ). The lower P concentrations in the tubers of the cultivars Mondial, Asterix, and Atlantic and in the rest of the plant of the cultivar Mondial occurred because of a dilution effect caused by the greater DM accumulation in these plant parts. The initial P availability in the soil and the phosphate fertilizer also had a strong influence on the P concentration in the potato plants (Table 2 , Fig. 2e, f) . In soils with higher P availability, the phosphate fertilization had smaller effects on the P concentrations in the tubers and the rest of the plant than in soils with lower P availability, supporting the finding that very high P availability does not lead to increased P uptake and/or transport to the aboveground components of potato plants (Fernandes and Soratto 2012) . However, in the soil with low P availability, the increase in the application of this nutrient increased the P concentrations in the plant, similar to the observations reported by Fernandes et al. (2015) , Soratto et al. (2015) , and Soratto and Fernandes (2016) .
The cultivar Mondial took up the highest amount of P because of its greater DM production (Table 2) . Sun et al. (2015) also reported that in potato plants fertilized with P, the highest uptake of this nutrient resulted from high plant DM yield because the increase in the P concentration of different plant organs was not significant. However, Fernandes et al. (2014) found that the cultivar Mondial had the highest P uptake capacity, especially under P-sufficient conditions, due to its balance between morphological (medium length and surface area) and physiological [high maximum influx at high concentrations (I max ) and net P influx values] root characteristics, which may also have favoured the greatest P uptake from the soil for this cultivar in our study. The cultivars Agata and Atlantic had low DM production for the whole plant, and their P uptake rates were between 15 and 23 % lower than those of the cultivar Mondial. This lower P uptake was partly attributed to their root systems by Fernandes et al. (2014) , which were less developed than those of the cultivar Mondial, with shorter root lengths and smaller root surface areas, i.e. features that are related to the amounts of P taken up by plants, especially under conditions of low P availability. Regardless of the initial P availability, the P uptake by potato crops increased with increase in P application rates only up to 500 kg P 2 O 5 per hectare, which shows that even in P-deficient soils, the application of P at very high rates had no effect on plant growth and P uptake (Fig. 2g) . This is consistent with our earlier experiments where plants were grown in nutrient solutions, in which the supply of P at excessive rates did not increase DM production or P accumulation in the shoots of the cultivar Agata (Fernandes and Soratto 2012) . However, in the P-deficient soil, the increase in P uptake due to phosphate fertilization was 1.6-fold higher than in the other soils, although the maximum amounts of P taken up were smaller because of the lower DM production of the plants (Fig. 2d, g ).
Our results show that the higher FPR in the soil with low P availability was a result of the greater increase in DM production and P uptake by the plants, especially at lower P application rates (Fig. 2, Table 3 ). The cultivar Mondial had the highest FPR, which was clearly related to its greater DM production and P uptake. Similar results have been observed in studies conducted in a field production environment (Fernandes et al. 2010 (Fernandes et al. , 2011b and in a highly controlled greenhouse experiment . As diffusion accounts for more than 95 % of the P transferred from soil to roots , cultivars that have root systems with greater length and surface area, such as Mondial (Fernandes et al. 2014) , can take up more P from the soil (White et al. 2005) .
Mondial, Agata, and Asterix were the cultivars with the highest number of tubers per plant, and the cultivar Mondial also had a high number of larger tubers and tubers with a greater mean weight than the other cultivars (Table 4) . Similar results have been reported for Mondial by other authors (Fernandes et al. 2011a; Fernandes and Soratto 2016) . In the soil with low P availability, P application resulted in an approximate ninefold increase in the number of tubers with a diameter larger than 45 mm; this relative increase was higher than that in the other soils (Fig. 3b) . This confirms that in P-responsive soils, tuber numbers per plant are frequently increased by addition of P (Rosen and Bierman 2008; Rosen et al. 2014; Fernandes and Soratto 2016) . The increase in the number of tubers per plant occurred until rates between 125 and 250 kg P 2 O 5 per hectare, but the tuber mean weight increased up to 500 kg ha P 2 O 5 per hectare, demonstrating that small P amounts are sufficient to increase the number of tubers formed, but the production of larger tubers requires the use of higher P application rates (Fig. 3) . Dubetz and Bole (1975) also observed an increase in the tuber mean weight up to P application rates that were higher than those that resulted in the maximum number of tubers per plant. In the experiments fertilized with P, the total number of tubers per plant was similar for all conditions of initial P availability, but in the most P-fertile soils, there was a higher number of tubers with a diameter larger than 45 mm and the tuber weight was higher (Fig. 3) . However, we must consider that the differences between the experiments may have due to not only differences in the P availability in the soil but also other factors, especially weather conditions (Fig. 1) .
The total tuber yield and the yield of tubers with a diameter larger than 45 mm were highest in the cultivar Mondial, and this cultivar presented the highest DM production, P uptake, and FPR (Tables 2, 3, 4). Sandaña and Kalazich (2015) attributed tuber yield responses to P principally to changes in the total biomass of the potato plant. The tuber yield, DM production, and P uptake were not significantly affected by the cultivar × P application rate interaction, which means it is not necessary to tailor phosphate fertilizer recommendations for individual cultivars because they respond similarly to the same rates of P application under field conditions (Tables 2, 4 , Fig. 4 ). However, potato cultivars for soils with high P-fixing capacity should have considerable tolerance to low availability of this nutrient in the soil to improve APUE (Sandaña and Kalazich 2015) . The increases in the total tuber yield, relative tuber yield, and yield of tubers with a diameter larger than 45 mm occurred up to 500, 250, and 125 kg P 2 O 5 per hectare in the soils with low, medium, and high P availability respectively, indicating that potatoes are highly responsive to higher levels of P fertilization only when grown in soils with low P availability, but some phosphate should still be applied even in soil with high initial P availability (Fig. 4a-c) . Boock and Freire (1960) suggested applying 100-120 kg P 2 O 5 per hectare in the planting furrow for potato crops grown in soils that had previously been cultivated with crops that received P fertilization. According to Rosen et al. (2014) , research conducted in some regions of North America indicated that potato crops respond to low rates of P applied to soils with high and very high P availability.
Our results demonstrate that the use of high rates of P applied to soil with high P availability does not increase the tuber yield (Fig. 4a-c) , although the potato crops showed low P uptake in soil deficient in this nutrient (Fig. 2) , similarly to what was reported by Pursglove and Sanders (1981) and Dechassa et al. (2003) . However, in Brazil it is common for farmers to use P application rates higher than 600 kg P 2 O 5 per hectare (Sangoi and Kruse 1994; Fernandes et al. 2011b) , even though several studies have shown no or only a slight increase in potato tuber yield in response to high rates of P applied to soils with high P availability (Rykbost et al. 1993; Hochmuth et al. 2002; Rosen and Bierman 2008; Luz et al. 2013; Rosen et al. 2014; Fernandes and Soratto 2016) . According to Rosen et al. (2014) , when an increase in potato tuber yield in response to P application occurs in soil with medium or high P availability, the top yields are generally achieved at a rate lower than 200 kg P 2 O 5 per hectare. The maximum P rates recommended for potatoes grown in soils with medium and high P availability are lower than these quantities (Lorenzi et al. 1997; Fontes 1999) . Although the application of as little as 125 kg P 2 O 5 per hectare to the soil with low P availability increased the P concentration in the leaves into the adequate range reported by Lorenzi et al. (1997) ; Fig. 2a) , the tuber yield continued to increase up to an application rate of 500 kg P 2 O 5 per hectare (Fig. 4a-c) . Furthermore, in the soils with medium and high initial P availabilities, the potato tuber yields were increased by application of P fertilizer despite the leaf P concentrations all being higher than the minimum critical level (2.5 g P per kilogram) suggested by Lorenzi et al. (1997) . This indicates that this minimum critical level may not be suitable for all situations.
The higher APUE of the potatoes grown in the soil with lower initial P availability was related to a greater crop response to the application of P (Fig. 4a, b, d ). Although the tuber yields of the different cultivars increased up to the same P application rate in each of the three soils, the cultivar Mondial had a higher APUE than the other cultivars, especially at the lower rates of P application, which was the result of its higher tuber yield (Tables 3, 4 ). In a highly controlled greenhouse experiment with these same cultivars, the cultivar Mondial was the only efficient cultivar that responded to applied P in terms of fresh tuber yield , and was one of the cultivars that exhibited a balance between the morphological and physiological characteristics, i.e. had medium root length and surface area and high I max and net P influx values, which favour P uptake (Fernandes et al. 2014) . Although these characteristics contributed to its higher tuber yield in the field and APUE with the lowest P application rates (Tables 3, 4) , they did not alter the response of the cultivar Mondial to P application, when compared with the other cultivars (Table 4 , Fig. 4a, b) .
Although the cultivar Mondial had a lower P concentration in the tubers, this cultivar removed larger amounts of P than the other cultivars because of its high DM production of tubers and its high tuber yield (Tables 2, 4) . The cultivars Agata and Atlantic removed less P than the other cultivars, mainly because of their lower tuber DM production (Tables 2, 4 ). These results demonstrate that the removal of P is more strongly related to the DM production of the tubers and the P concentration in the tubers than to the fresh tuber yield, e.g. the cultivar Agata had an intermediate fresh tuber yield and low P removal. Fernandes et al. (2011b) also observed that the removal of nutrients, including P, was not directly related to the fresh tuber yield. According to Sun et al. (2015) , the higher amounts of P accumulated by potato plants fertilized with this nutrient were closely related to the DM yield of the plants because the phosphate fertilizer did not cause a significant increase in the P concentration of the plant tissues.
Although there were differences among the cultivars with respect to the P concentration in the tubers, the removal of P by the cultivars was similar for a specific P rate, i.e. the cultivar × P application rate interaction was not significant (Table 4 ). The removal of P increased with the rates of phosphate fertilizer applied because of increases in the P concentration in the tubers and the DM production of the tubers (Figs. 2b, 4e , f). Higher P removal was observed under conditions of higher initial P availability in the soil, and more significant removal of P occurred in the soil with medium P availability, where the P concentrations were high (Fig. 4e, f) . The average P removal was 10, 13.7, and 11.4 kg ha −1 in the soils with low, medium, and high initial P availability respectively. Fernandes et al. (2011b) conducted a study with these same cultivars and obtained P removal rates ranging from 10 to 15 kg ha −1 , i.e. similar to those obtained in this study.
Conclusion
In soils with low, medium, and high P availabilities, the tuber yields of all potato cultivars increased similarly with increase in P fertilizer rate up to the respective rates of 500, 250, and 125 kg P 2 O 5 per hectare applied in the planting furrow, despite the leaf P concentrations being lower than the minimum critical level of 2.5 g kg −1 only in the absence of P fertilizer application in the soil with low P availability. The response of the potato crop to phosphate fertilizer applied to soil with low P availability was greater than in the more P-fertile soils. Under the condition of high P availability in the soil, application of P 2 O 5 at only 125 kg ha −1 was sufficient to achieve the maximum tuber yield. The cultivar Mondial had the highest tuber yield as well as the FPR and APUE (especially at lower P application rates) compared with the other cultivars studied. However, all potato cultivars responded to the same P application rate at a specific initial soil P availability. Our results suggest that the adjustment of phosphate fertilizer recommendations should be based on soil P availability, and that it is not necessary to use different criteria to evaluate the P-nutritional status for individual potato cultivars.
